The present single center, double-blind, delayed start study was conducted to examine possible symptomatic and disease-modifying effects of GM1 ganglioside in Parkinson's disease (PD). Seventy-seven subjects with PD were randomly assigned to receive GM1 for 120 weeks (early-start group) or placebo for 24 weeks followed by GM1 for 96 weeks (delayed-start group). Washout evaluations occurred at 1 and 2 years after the end of treatment. Seventeen additional subjects who received standard-of-care were followed for comparative information about disease progression. Primary outcome was change from baseline Unified Parkinson's Disease Rating Scale (UPDRS) motor scores. At week 24, the early-start group had significant improvement in UPDRS motor scores vs. a significant worsening of scores in the delayed-start group. The early-start group also showed a sustained benefit vs. the delayed-start group at week 72 and at week 120. Both groups had significant symptom worsening during washout. This study provides evidence that GM1 use for 24 weeks was superior to placebo for improving motor symptoms and that extended GM1 use (up to 120 weeks) resulted in a lower than expected rate of symptom progression. The data from this small study suggest that GM1 may have symptomatic and potentially disease modifying effects on PD.
Introduction
Parkinson's disease (PD) is a slowly progressive neurodegenerative disorder characterized by loss of substantia nigra dopamine-producing neurons and loss of forebrain dopamine. Although transient symptomatic improvement can be obtained with currently available pharmacotherapies, functional ability deteriorates over time [1] [2] [3] . Development of therapies that can slow progression of the disease would fill a major unmet need in PD.
GM1 ganglioside, a major component of membrane signaling domains, plays important roles in neuronal development and survival and modulates a variety of cell activities. GM1 has been shown in numerous studies to have neurotrophic or neuroprotective effects and influences a variety of cellular activities at the level of the plasma membrane as well as intracellularly [4, 5] . Of potential relevance to the suspected pathophysiology of PD, GM1 modulates intracellular Ca 2+ homeostasis [6] , promotes lysosomal integrity [7] , and may influence mitochondrial function [8, 9] . Preclinical studies show that treatment with GM1 following different types of central and peripheral nervous system lesions [10] [11] [12] [13] [14] [15] , including those in animal models of PD [14, [16] [17] [18] , results in significant biochemical and behavioral recovery [19] [20] [21] . In particular, GM1 rescues damaged substantia nigra dopamine neurons, increases striatal dopamine levels and enhances dopamine synthetic capacity in residual dopamine neurons in PD animal models [11, 12, [14] [15] [16] [17] [18] . In a previous short-term double-blind placebo controlled study of GM1 in PD, GM1-treated subjects showed significant improvement on Unified Parkinson's Disease Rating Scale (UPDRS) motor scores and timed motor task performance (compared to placebo-treated subjects), suggesting a mild symptomatic effect. A follow-up open extension study found long-term use of GM1 to be safe and to result in modest symptom progression over a five year period [22] . A number of subjects had lower UPDRS motor scores after five years of GM1 use than at baseline prior to randomization into the original study.
Due to the complex nature of PD, there are challenges in the clinical assessment of disease progression and the demonstration of disease modification, especially since many drugs with potential disease modifying effects may also exert symptomatic effects. The evaluation of subjects who have already advanced to the point of requiring symptomatic treatment also presents challenges for evaluating potential disease modifying therapies, although it is important to study such subjects rather than confine disease modification trials to de novo PD patients. Since GM1 may potentially have both symptomatic and disease modifying effects on PD, the present trial used a study design previously suggested to possibly differentiate between these aspects of drug response [23] [24] [25] [26] and examined subjects with PD evaluated during a practically defined "off" period as well as during a best "on" period.
Materials and methods

Participants
This study (ClinicalTrials.gov NCT00037830) was conducted at a single site in the United States between Nov 1999 and Jun 2010, was approved by the Division of Human Subjects Protection at Thomas Jefferson University, and written informed consent was obtained from all subjects prior to enrollment. Subjects were men or women between 39 and 85 years of age with a diagnosis of idiopathic PD consistent with the UK PD Society brain bank PD diagnostic criteria. Inclusion criteria included "off" UPDRS motor score between 10 and 40, "off" Hoehn and Yahr staging of 1.0 to 3.0, Mini Mental State Exam (MMSE) score of ≥25, and Beck Depression Inventory (BDI-II) score of ≤10. Main exclusion criteria included: atypical/abrupt onset Parkinsonism; lack of response to dopaminergic therapy (if so treated); UPDRS resting tremor total score > 5 or >3 (individual body part) [27, 28] ; use of >1000 I.U./ day vitamin E and/or >300 mg/day coenzyme Q 10 ; history of Guillain-Barré syndrome; use of anti-coagulant therapy; history of brain surgery for PD. Use of anti-Parkinson medications was allowed (but could not be changed during Phase I). Rasagiline was not available at the start of the study and its use was subsequently not allowed.
A separate group of standard-of-care subjects ("Comparison group") was recruited according to the criteria described above and was assessed longitudinally to provide descriptive information regarding disease progression in medicated PD patients.
Study design and measurements
In Phase I, subjects were randomly assigned to receive GM1 (early-start, E-S) or placebo (delayed-start, D-S) for 24 weeks. In Phase II, all subjects received GM1 from week 24 to week 120. In Phase III, subjects were evaluated at one and two years after stopping GM1. The Comparison group was followed up to 96 weeks.
UPDRS measures were obtained independently by two raters (to improve test-retest reliability [29] ) at each visit and the mean of their scores was used for analysis. Inter-rater reliability was assessed using Pearson linear correlation coefficient for each pair of raters and inter-rater reliability was high (median correlation coefficient was 0.94 for the primary endpoint, UPDRS motor scores, and 0.98 for all other UPDRS sections). Every effort was made to have the same raters assess a given patient throughout the study. All examinations were performed without access to or prior review of any data, records, or notes. An independent safety monitor evaluated and interviewed subjects at each visit, monitored clinical laboratory findings and reported adverse events. Raters had no access to safety or adverse event data.
Primary outcome assessments (UPDRS motor scores) were performed during a practically defined "off" period, before that day's first dose of anti-Parkinson medication and at least 12 h after the last dose of levodopa (or 24 h for dopamine agonists). A secondary assessment was performed at each visit during a best "on" period, typically at least 1 h-after taking medication. Two baseline assessments were performed one to two weeks apart and clinical stability criteria needed to be met to continue to randomization. The baseline value was then the average of these two scores. Phase I evaluations were performed at 6, 12, 18, 23 and 24 weeks (data from weeks 23 and 24 were averaged and analyzed as the end of Phase I data point). Phase II assessments were performed at weeks 36, 48, 72, 96 and 120; Phase III (washout) assessments were performed yearly. Blood chemistry and urinalysis results were examined regularly to evaluate safety.
Drug administration
GM1 ganglioside (monosialotetrahexosylganglioside GM 1 sodium salt, bovine brain derived) was initially supplied as a sterile injectable by Fidia S.p.A. (Abano Terme, Italy) and later, as active pharmaceutical ingredient (manufactured by Fidia S.p.A., provided by TRB Chemedica) formulated into a sterile injectable (Instituto Biologico Contemporaneo (IBC), Buenos Aires, Argentina). Chemistry, manufacturing and controls data for both batches of drug were comparable. Each ampoule contained 100 mg GM1 in 2.0 ml sterile sodium phosphate/sodium chloride. Placebo was supplied in identical ampoules with identical packaging.
A computer-generated randomization list was supplied by Fidia S.p.A.: subjects were assigned treatments sequentially by study staff. After randomization, subjects received a loading dose of GM1 (1000 mg i.v., in 50 ml sterile saline) or placebo, and were instructed to thereafter administer two subcutaneous injections per day. At the end of Phase I, the E-S group blindly received an intravenous placebo infusion and the D-S group received infusion of 1000 mg of GM1. The route of administration (subcutaneous) and dose were based on pharmacokinetic information obtained from a study of GM1 administration to presenile Alzheimer's disease patients [30] which showed that maximum GM1 blood levels were reached 48-72 h after subcutaneous GM1 administration and that administration via the subcutaneous route resulted in at least 50% higher plasma ganglioside levels compared to intramuscular injection. Compliance was assessed at each study visit by accounting for both used and unused ampules of study drug (i.e., recording number of ampules used, missed dose(s) and number of lost or broken ampules).
Statistical analysis
Change from study baseline (CFB), change from week 24 (CFW24) and change from week 120 (CFW120) were calculated for UPDRS part III (primary outcome) and total UPDRS score (sum of parts I, II, and III) for 'off' and 'on' period separately for all intent to treat subjects. Sample size was based on effect size estimates from a previous GM1 study in PD [22, 27] .
Difference between treatment groups (E-S and D-S) at baseline was assessed using one-way analysis of variance (ANOVA) for continuous variables and Fisher's exact test for categorical variables. Treatment effects on CFB and CFW24 were evaluated with a mixed effects analysis of covariance (ANCOVA) model for repeated measures. The model included fixed effects for treatment and categorical week in study, interactions between treatment and week, and baseline score (or week 24 score for CFW24) as covariate; unstructured covariance matrix was used. A separate model was fitted for Phase I CFB, Phase II CFB and Phase II CFW24 'Off' period and 'On' period implemented with SAS® procedure PROC MIXED. Subjects who were not on anti-Parkinson's medications at baseline (5 subjects in the E-S group and 2 subjects in the D-S group) were excluded from the analysis for the 'On' period. The primary comparison for treatment effects was a 2-sided t-test for 2 independent groups at the 0.05 significance level based on the adjusted least squares means (LSM) derived from this model at week 24 for Phase I and at week 120 for Phase II. Exploratory paired sample t-test was also performed to examine CFB and CFW24, CFW120 within each group at each time point.
Supportive analyses to examine differences in the rate of symptom progression based on CFB were performed. The model had fixed effects for treatment and continuous week in study, interactions between treatment and week, baseline score as covariate, random intercepts and slopes, and the unstructured covariance matrix between the intercept and slope estimates. Hence, the estimates took into account potential heterogeneity among the different subjects.
A random intercepts and slopes model on CFB with fixed effects of baseline and continuous week in the study and interaction between the baseline and week was used to assess the rate of change in the comparison group subjects.
The impact of missing data in Phase I and Phase II was assessed by using the multiple imputation (MI) method implemented with SAS® procedure PROC MI using the Markov Chain Monte Carlo (MCMC) method. The results from the ANCOVA model based on 100 completed-sets were then combined to derive valid statistical inference through the SAS® procedure PROC MIANALYZE.
The extent to which changes in symptoms were "clinically important" was also explored. Calculation of clinical important difference (CID) in UPDRS motor scores was based on distribution-based and anchor-based analyses described by Shulman et al. [31] . Proportion of subjects achieving minimal (≥ 2.5 point decrease), moderate (≥ 5.2 point decrease), or large (≥10.8 point decrease) CID [31] was tabulated for each group at each time point without formal inferential statistics.
All analyses were performed using SAS version 9.3; all p-values were reported as is without adjustment for multiplicity due to multiple comparisons and multiple endpoints.
Results
Subject characteristics
Subject disposition is delineated in Fig. 1 . There were no statistically significant differences between the groups in baseline demographic and clinical characteristics with exception of time since diagnosis (Table 1) . Levodopa dose equivalents were calculated using published guidelines [32] . Comparison group baseline characteristics were comparable to those of the treatment groups.
Phase I treatment effects
At week 24, E-S subjects had significantly lower mean "off" period UPDRS motor scores (i.e., improvement in motor symptoms) than at baseline while D-S subjects had significantly higher mean motor scores (i.e., worsening of symptoms) than at baseline. The difference between E-S and D-S group motor scores was −5.41 points (pb 0.0001) per observed data and −5.40 points (pb 0.0001) after imputing missing data ( Table 2 , Fig. 2A ). The estimated rate of change per week during Phase I was 0.04 points (p= 0.1903) for the E-S group and 0.08 points (p= 0.0063) for the D-S group; the difference, −0.04 points per week, was not statistically significant ( Table 2 ). The rate of change per week was significantly different from zero only for the D-S group, suggesting that the E-S group had minimal symptom worsening compared to baseline whereas the D-S group had significant symptom worsening related to time in the study and similar to the rate of symptom progression of the comparison group ( Fig. 2A) . The observed mean (±SEM) CFB in the Comparison group at week 24 was +2.28 ± 0.86 points (p= 0.0181, Table 4 ).
Similar analyses were performed for data collected during the "on" period (Supplemental Table 1a , b). At week 24, E-S subjects had significantly lower mean "on" period UPDRS motor scores (i.e., improvement in motor symptoms) than at baseline while D-S subjects had significantly higher mean motor scores (i.e., worsening of symptoms) than at baseline (Fig. 2B) . The difference between the E-S and D-S groups was −4.33 points (p b 0.0001). The observed CFB in the Comparison group was +3.33±0.87 points (p=0.0018) (Supplemental Table 1c ).
Phase II treatment effects
At the first assessment of Phase II (week 36), E-S group motor scores did not differ significantly from those at week 24 and remained significantly decreased from baseline. In contrast, D-S group motor scores significantly improved compared to week 24 but not compared to baseline. The difference between the groups at week 36 remained statistically significant: difference in CFB was −2.28 points (p= 0.0222), (Table 2) ; difference in CFW24 was 2.70 points (p= 0.0003) ( Tables 2,  3) . At approximately one year into Phase II (week 72), the E-S group showed no significant symptom worsening from week 24 and remained significantly improved from baseline; the D-S group also remained significantly improved compared to week 24 (Tables 2, 3) . At week 120, E-S group motor scores were not significantly changed from week 24 and were still lower than at baseline (− 2.29 ± 1.22 points, p = 0.0706). The D-S group had motor scores slightly lower than at week 24 and slightly higher than at baseline (+ 1.16 ± 1.20 points, p = 0.3396). The difference in CFB between the groups at week 120 was − 3.33 (p = 0.0368, observed data) and − 3.09 points (p = 0.0594, imputed data). Estimated rate of change per week (Phase II) was 0.02 points (p = 0.0502) for the E-S group and 0.04 points A. (p = 0.0003) for the D-S group; the difference was not statistically significant ( Table 2 ). Comparison group subjects showed a significant increase in motor scores at week 48 (+ 4.41 ± 1.43 points, p = 0.0077), week 72 (+ 5.95 ± 1.22 points, p = 0.0009) and week 96 (their last observation, + 7.81 ± 2.01 points, p = 0.0061), compared to baseline (Table 4) .
B.
When assessed during the "on" period, changes in motor scores of the E-S group broadly followed the changes observed during "off" period evaluations: scores at week 36 were not significantly different from those at week 24 (p = 0.5443) but significantly decreased from baseline (p = 0.0185) (Supplemental Table 1a , b; Fig. 2B ). At week 72, the E-S group showed no significant change from week 24; scores were still slightly decreased compared to baseline (− 1.63 ± 0.86, points, p = 0.0721) and the D-S group remained significantly improved compared to week 24 (− 1.48 ± 0.65, points, p = 0.0309) (Fig. 2B) . At week 120, E-S group motor scores were not significantly changed from week 24 (+ 1.01 ± 0.97, p = 0.3114) and were lower than at baseline, but not significantly so (− 1.13 ± 1.08 points, p = 0.3086). D-S group motor scores were slightly higher than at week 24 (0.17 ± 0.81 points, p = 0.8395) and significantly higher than at baseline (+2.33±1.12 points, p=0.0480). The difference in CFB between E-S and D-S groups at week 120 was statistically significant (−3.94 points, p=0.0111, observed data and −3.89 points, p=0.0094, imputed data). The Comparison group had significantly higher "on" motor scores at week 48 (+3.87±1.48 points, p=0.0182), week 72 (+5.45±1.18 points, p=0.0012) and at week 96 (+7.59± 1.81 points, p=0.0040), compared to baseline (Supplemental Table 1c ).
Additional treatment effects
"Off" UPDRS motor scores significantly increased in both E-S and D-S subjects at one year of washout (+7.30 ±0.96 points (pb 0.0001) and 6.52± 0.97 points (pb 0.0001), respectively) and at two years of washout (+10.33 ±1.46 (pb 0.0001) and 10.69 ± 1.88 points (p=0.0001), respectively), compared to scores at week 120 (Fig. 2, Table 2 ).
Assessment of clinically important differences (CID) in the UPDRS motor score [22] showed 73% of E-S subjects exceeded thresholds for minimum or moderate CID compared to 8% of D-S subjects at week 24 (Fig. 3) . By week 120, 53% of E-S subjects continued to have at least minimum CID vs. 48% of D-S subjects.
Results similar to those already reported were obtained from analysis of total UPDRS scores (Supplemental Table 2a , b, c).
Adverse events and safety
The most prevalent adverse events were injection site reactions including injection site pain, erythema, pruritis, swelling, nodule, hemorrhage/hematoma, urticaria, and induration. These occurred more frequently in the E-S group during Phase 1 of the study and increased in the D-S group in Phase II (Supplemental Table 3 ). Pain and erythema were the most common injection site reactions in the E-S group in Phase I: pain and hemorrhage were most frequently reported in the D-S group in Phase I. Pain and erythema were the most common injection site reactions in both groups in Phase II. Three subjects reported serious adverse events (i.e., asthenia, worsening of Parkinson's symptoms, anastomotic ulcer/stomach cancer). There were no consistent clinically significant clinical chemistry changes in either treatment group.
Discussion
In Phase I, there was a significant improvement in "off" and "on" UPDRS motor (and total UPDRS) scores in GM1-treated subjects and a small (but significant) symptom worsening in placebo-treated subjects that mirrored the change observed in the standard-of-care Comparison group. The symptomatic effect from GM1 may relate to functional improvement in residual dopaminergic neurons, a conclusion supported by preclinical data showing enhanced dopamine synthesis in residual neurons in a mouse model of Parkinsonism following GM1 treatment [18] . Interestingly, bradykinesia, a clinical sign thought to best reflect a nigrostriatal dopaminergic deficit [33] appeared to be most responsive to GM1 treatment, while tremor and posture/balance/gait were less responsive.
In Phase II, E-S subjects maintained much of the initial benefit of GM1 treatment and by the end of the study, their scores remained below those recorded at study baseline. The D-S subjects showed symptomatic benefit after switching to GM1 use. By the end of the study, their scores were below those observed at the end of the placebo period (during which time there was some symptom worsening). These data suggest a sustained benefit for the E-S group and show that both treatment groups fared better than the Comparison subjects. These findings are unlikely related to a symptomatic effect alone since the symptom progression trajectory for the two groups was divergent at the end of the study, a result suggestive of a potential disease-modifying effect [25] .
During the extended washout period, symptoms significantly worsened in all subjects. The increase in UPDRS scores seen in the first washout year could be related to loss of a GM1-induced effect on dopamine synthesis and release in residual dopamine neurons combined with a loss of any compensatory responses and/or withdrawal of trophic support stimulated by GM1.
The mechanisms through which potential neuroprotective/ neurorestorative effects from GM1 may be exerted are uncertain but may involve modulation of lipid raft structure/function. Lipid rafts, modulatory platforms for a variety of signaling pathways [34, 35] , are influenced by the GM1 content. Several PD-relevant proteins specifically associate with lipid rafts and co-localize with GM1. Alpha-synuclein fibrillization may contribute to PD pathophysiology [36] and binding of α-synuclein to GM1 inhibits fibril formation, dependent upon the amount of GM1 present [37] . LRRK2, parkin, and PINK1 also associate with lipid rafts and co-localize with GM1, potentially influencing neurodegeneration in PD [38, 39] .
Long-term use of GM1 was not associated with any consistent non-injection site related adverse events. Although Guillain-Barré Syndrome (GBS), an acute inflammatory polyneuropathy, was previously suggested to develop in a small number of patients using ganglioside preparations [40] [41] [42] [43] , there have been no such reports in patients receiving purified GM1 in clinical studies [44] and no increase in anti-GM1 antibody titres in patients previously followed by us [28] . Further arguing against a GM1-GBS connection, there has been no decrease in the GBS incidence after the withdrawal of gangliosides from the market in Italy [45] .
A limitation of this study is that it was performed at a single center and studied a relatively small number of subjects. Additionally, this study utilized subjects already receiving anti-PD medications, including levodopa. Although results obtained during a practically defined "off" period may be potentially complicated by the any "long duration response" to levodopa, it is possible, but unlikely, that this effect substantially contributed to the current findings as it would have been expected to influence the groups similarly. To further account for potential influences in medication status on the study outcome, subjects were also examined during a best "on" period. Data derived during the "on" period followed the same general pattern seen in the "off" condition. Even when assessed in the "on" condition, E-S subjects improved during Phase I while D-S subjects worsened somewhat as did Comparison group subjects. E-S subjects maintained an improved "on" response throughout the study and remained divergent from the D-S group. Comparison group subjects continued to deteriorate over time, despite being "optimally medicated".
The groups were well matched for demographics and symptom severity although there were non-significant differences in anti-PD drug use at baseline. The D-S group (which included 2 subjects with the highest LEDs) had a higher mean LED at baseline than the E-S group (which included 5 unmedicated subjects compared to 2 unmedicated subject in the D-S group). While these differences in medication status may suggest that the E-S group contained less advanced subjects, the UPDRS data do not support that assertion. In addition, there was a small but statistically significant difference in median time since diagnosis, with a slightly shorter time since diagnosis in the E-S group compared to the D-S group. Although this could suggest that the E-S group had milder disease at the outset of the study, the measure of time since diagnosis is not a reliable measure of disease progression or symptom status. A better index of disease severity is the UPDRS motor scores, which were not significantly different between the groups at baseline.
There are potential problems and limitations to all PD trials that attempt to assess a potential disease modifying therapy that might also have a symptomatic effect, as is the case here as well as in prior studies using a similar design [26] . However, the current data do not support the existence of a potential confound from "unequally-distributed placebo responses", as suggested by de la Fuente-Fernandez et al. in their interpretation of the ADAGIO Study results [46] . Even though a GM1-related improvement in UPDRS score during the first 12 weeks of treatment was slightly smaller in the D-S group (weeks 24-36) than in the E-S group (weeks 0-12), there was little or no placebo response in the E-S group at the start of Phase II. Also, since raters saw subjects at 12-24 week intervals during Phase II and two independent raters examined each subject, it is unlikely that rater bias played a significant role in the study outcome.
In conclusion, the present results from this small proof of concept study suggest that extended use of GM1 ganglioside is safe in PD patients, has an early symptomatic effect and may slow symptom progression over a 2 year period. Specifically, the latter point needs to be confirmed in a larger, multi-center study. In addition, the effects of GM1 ganglioside treatment in earlier, unmedicated patients should also be assessed.
